The sub-Himalayan Terai and Duars, the important outermost zones comprising the plains of East India, are known as the reservoirs of ethnic diversity. Analysis of the paternal genetic diversity of the populations inhabiting these regions and their genetic relationships with adjacent Himalayan and other Asian populations has not been addressed empirically. In the present investigation, we undertook a Y-chromosome phylogeographic study on 10 populations (n¼375) representing four different linguistic groups from the sub-Himalayan Terai and Duars regions of East India. The high-resolution analysis of Y-chromosome haplogroup variations based on 76 binary markers revealed that the sub-Himalayan paternal gene pool is extremely heterogeneous. Three major haplogroups, namely H, O and R, are shared across the four linguistic groups. The Indo-European-speaking castes exhibit more haplogroup diversity than the tribal groups. The findings of the present investigation suggest that the sub-Himalayan gene pools have received predominant Southeast Asian contribution. In addition, the presence of Northeast and South Asian signatures illustrate multiple events of population migrations as well as extensive genetic admixture amongst the linguistic groups.
INTRODUCTION
The Himalaya is a complex and vast mountain system with a contradictory evidence of human settlement. Although majority of the linguistic as well as genetic studies strongly favor Neolithic settlement, 1-5 archeological findings along with a recent mitochondrial DNA study advocate that the modern human reached Tibetan plateau by the late Paleolithic age. 6, 7 The factors that influenced the settlement of human populations in different mountain ranges of the Himalaya included not only the climatic conditions but also the cultural and religious affinities. With the exception of western regions, some parts of the central and the entire eastern ranges of the Himalaya show domination of the Tibeto-Burman (TB) speakers, the origin of which has been proposed to be the upper and middle Yellow River basin by one group, 3 whereas van Driem 5, 8 argued in favor of Yangtse River in Sichuan province. Multiple genetic studies based on the markers present in autosomes, mitochondrial DNA and Y-chromosome in the populations from Tibet have demonstrated that the Tibetan gene pool has largely been contributed by the immigrants from Northeast Asia. 1, 3, 9 The earlier proposition of Central Asian origin of Tibetans due to high frequency of D*-M174 sub-haplogroup of Y-chromosome 10 has been opposed by a recent study, 11 suggesting its southern origin in East Asia followed by a northward migration. Similarly, genetic diversity studies in the TB-speaking populations inhabiting Nepal and eastern Himalayan regions of Northeast India have indicated that their gene pools not only received East Asian contribution but also bear signatures of South Asian influence. [12] [13] [14] [15] [16] [17] [18] It is noteworthy that these geographic regions played a pivotal role in shaping the genetic landscapes as well as peopling of the Himalaya. This is reflected by genetic studies that suggested Northeast India as an important corridor for human dispersals, whereas Nepal Himalaya as a barrier for bidirectional gene flow. 16, 19 Apart from these Himalayan regions, there are some interesting outermost sub-Himalayan zones in the plains of East India, which are known as Terai and Duars (also Dooars). Unlike the Himalaya, these areas have characteristically unique and diverse ethnic populations belonging to four different linguistic groups such as TB, Austro-Asiatic (AA), Indo-European (IE) and Dravidian (DR). Because of their strategic geographic location and close proximity with Nepal, Bhutan and other eastern territories of the Himalaya, these sub-Himalayan regions might have witnessed multiple waves of population migrations and extensive population admixture. These processes might have transformed the sub-Himalayan Terai and Duars to important reservoirs of genetic diversity. Apart from few preliminary investigations based on classical genetic and mitochondrial DNA markers, 18, [20] [21] there is a dearth of high-resolution Y-haplogroup data in the subHimalayan Terai and Duars populations. Therefore, the analysis of the paternal genetic diversity of the ethnic groups from these regions will not only help to resolve their genetic origins but also elucidate their phylogenetic relationships with other Asian populations.
In the present investigation, we considered 10 populations representing four linguistic groups from the sub-Himalayan Terai and Duars for the first time for high-resolution Y-chromosome haplogroup diversity studies. A total of 76 binary markers from the non-recombining region of Y-chromosome were typed in 375 males. The results of our analyses suggest that the sub-Himalayan Terai and Duars paternal gene pools are extremely heterogeneous, and received East as well as South Asian genetic contribution.
MATERIALS AND METHODS Samples
We considered a total number of 375 unrelated males from 10 ethnic groups comprising both the tribes and castes from Sikkim and the sub-Himalayan Terai and Duars regions of East India. The tribes included three Mundarispeaking AA groups, such as Kol (n¼62), Santhal (n¼51) and Kharia (n¼34); four TB-speaking groups, namely, Dhimal (n¼36), Rabha (n¼26), Mech (n¼19) and Lachungpa (n¼11); and one DR-speaking Oraon (n¼31), whereas castes included IE-speaking Bengali (n¼54) and Rajbanshi (n¼51). The geographic locations of the above populations have been depicted in Figure 1 . Blood samples were collected from the volunteers with informed consent. All ethical guidelines were followed, as stipulated by the institutions involved in the study. DNA was extracted using phenol-chloroform method and was stored in 10 mM Tris-1 mM EDTA (pH 8.0) at À80 1C.
Y-chromosome haplogrouping
A total of 76 binary markers were genotyped by standard methods such as denaturing high-performance liquid chromatography, direct sequencing (ABI 3730 Genetic Analyzer, Applied Biosystems, Foster City, CA, USA) and GenomeLab SNPstream Genotyping System (Beckman Coulter, Fullerton, CA, USA) (Supplementary Table S1 ). We followed a hierarchical genotyping strategy identifying the major haplogroups first and then the downstream mutations along the haplogroup tree. The nomenclature followed for the Y-haplogrouping is as recommended by Y Chromosome Consortium 22 and Karafet et al. 23 The primer and sequence information for the insertion, deletion as well as single-nucleotide polymorphisms (SNPs) genotyped by denaturing high-performance liquid chromatography and direct sequencing were taken from Underhill et al. 24 and Karafet et al. 23 For the SNPs genotyped by the GenomeLab SNPstream genotyping system, we have used 12-plex format and performed the multiplex PCR as well as extension reactions following manufacturer's recommendations. Genotyping was carried out in an automated multiplexed system that employed oligonucleotide microarrays manufactured in a 384-well format on a glass-bottomed plate. The 12-plex PCR and extension primers were designed by Autoprimer software (Beckman Coulter).
Data analyses
Altogether 25 reference populations from the published literature were included for phylogenetic analyses. Reference populations comprised eight Southeast Asians (SEAS), eight Northeast Asians (NEAS) and nine South Asian groups. The South Asian populations included DR tribes (n¼16), DR castes (n¼6), IE castes (n¼37), IE tribes (n¼9), AA tribes (n¼9), TB tribes (n¼12) from India and two TB tribes, one IE caste and one IE-speaking tribe from Nepal (Supplementary Table S2 ). The frequency data taken from published literature were normalized at the phylogenetic resolution of major haplogroups. The description of the populations analyzed have been represented in Table 1 . The frequencies of major Y-haplogroups in the reference populations are shown in Supplementary Table S3 . Statistical analyses were done by using the graphPad software (http://statpages.org/).
RESULTS AND DISCUSSION
In the present investigation, we observed altogether 22 Y-chromosome haplogroups defined by 35 polymorphic loci, the phylogeny and frequencies of which are illustrated in Figure 2 . The Y-chromosome haplogroup diversity data indicate that overall DR-speaking Oraon shows high homogeneity with only six haplogroups. A highly heterogeneous composition of paternal lineages is exhibited by IE-speaking groups with 16 haplogroups, followed by AA-and TB-speakers with 11 and 14 haplogroups, respectively. Of the 22 haplogroups, only three major clades like H, O and R are found to be shared across the four linguistic groups and accounted for 485% of the samples.
Haplogroup O
Haplogroup O is found to be most prevalent, which occurs at an average frequency of 43.5%. in the studied populations. When compared across the four linguistic groups, the frequencies of O2 and O3 sub-haplogroups varied significantly. Majority of the TB-speakers (56.5%) is represented by O3, whereas 44.9% of the AA-speaking individuals accounted for O2 sub-haplogroup. In addition to this, surprisingly O3 turned out to be the second most abundant haplogroup (24.8%) in the IE-speaking castes.
Haplogroup H
The second highest average frequency (26.3%) is seen for H haplogroup. It is observed that 71% of the DR-speaking Oraon tribe accounted for H haplogroup, followed by 36.7% of AA-, 14.3% of IE-and 8.6% of TB-speaking groups.
We have detected a previously uncharacterized mutation, an A-G transition at nucleotide position 147, while genotyping M89 and named it as M505. Fornarino et al. 26 also detected this variation in two samples from Tharu population of Nepal but could not define it phylogenetically. Similar to the observation of Fornarino et al., 26 we also noticed that M505 is neither present in H*-M69 nor in H2*-Apt chromosomes. After screening all the M69-, M52-, M370-and M82-bearing chromosomes, we find that all the M82 chromosomes are M505 positive. On the basis of this finding, we place M505 under H1 haplogroup as H1a1*. It is worth noting that the phylogenetic tree of H haplogroup has recently been revised by Fornarino et al., 26 showing M370 as H1a* and M82 as H1a1*. This change deviates from the earlier tree depicting M82 as H1a* and M370 as H1b. 23 Our findings although reveal that all the M82-bearing chromosomes are M370 derived, the identification of M505 leads to further modification of the H-haplogroup tree. The earlier H1a1*-M82 now becomes H1a1*-M505 and M82 has been marked as H1a1a*. The revised Y-haplogroup tree is depicted in Figure 2 . We also typed the terminal SNPs Diversity of paternal lineages in sub-Himalayan populations M Debnath et al such as M36, M97 and M39 of H1a1a*-M82, but none of the M82-positive chromosomes are found to exhibit these SNPs. In addition to this, none of the individuals of the studied groups showed the presence of H2*-Apt. The clade H defined by M69 marker is very common in many Indian populations. It is represented by two sub-haplogroups, H1*-M52 and H2*-Apt along with eight additional downstream markers. Multiple studies based on the frequency distribution in different populations suggested that H*-M69, its sub-clades H1*-M52 and H2*-Apt have Indian origin. 13, 14, 33 Of these lineages, H1*-M52 has peak variance distribution in Western India, whereas H2*-Apt and H*-M69 display higher variance patterns in South and Northeastern India, respectively. 13 The identification of new SNPs not only increases the resolution of the phylogenetic tree but also helps to trace the prehistoric migrations more accurately and distinguish sub-population within the haplogroup. As H haplogroup has been postulated to have indigenous origin, extensive high-resolution genotyping of SNPs as well as their associated short tandem repeat (STR) markers in populations across India would help to understand its exact place and time of origin. Moreover, as a non-East Asian lineage, HG-H could be highly informative for understanding not only the peopling of India but also the spread of this lineage to other geographical areas, as this has also been reported with similar high frequencies in Malaysian Indian and Hungarian populations. 34 Haplogroup R The third-most abundant haplogroup is R, accounting for an average frequency of 15.7%. The high incidence of this haplogroup is restricted only to the IE-and DR-speaking groups. Within these populations, IE-speakers exhibit an average frequency of 29.5% of R1a1*, whereas DR-speakers account for 22.6% of R2 subhaplogroup.
Other haplogroups
Apart from these three major clades, we have also observed few other important haplogroups, such as C, D, F, J, K, L, P and Q, in the studied populations. Among these haplogroups, only J shows an average frequency of 6.9%, whereas the remaining seven haplogroups such as C (0.3%), D (1.3%), F (2.1%), K (2.1%), L (0.8%), P (0.5%) and Q (0.3%) are found to have negligible frequencies.
The PC analyses of the haplogroup frequencies in 35 populations (25 reference plus 10 from the present study) examined in this study (Table 1) 
Sub-Himalayan gene pools: reservoirs of variation
The gene pools of the sub-Himalayan ethnic groups are found to be heterogeneous. This is partly contributed by paternal lineages specific to different geographic regions. Although majority of the lineages are derived mainly from East and South Asia, the incidence of extensive admixture among the linguistic groups unequivocally made the genetic architecture of the studied populations very interesting.
East and South Asian connection of the TB-speaking sub-Himalayan tribes. Altogether, 14 haplogroups are observed in the sub-Himalayan TB tribes considered for the present study. Among them, O3 lineage and its derivatives dominate the haplogroup composition with average frequency of 56.5%. After genotyping several sub-haplogroups of O3 lineage, it is found that the downstream mutation, that is, O3a3c1-M117 of O3a3c-M134 to be most prevalent with the frequency ranging from 9.0-57.7%. It is evident from the earlier studies that O3a3c-M134 has high frequencies in the TBs from Northeast India 12-14 as well as Nepal Himalaya. 16 The undifferentiated O3*-M122 is a dominant East Asian lineage (average frequency 44.3%) and proposed to have southern origin in East Asia followed by northward migration around 25 000-30 000 years ago. 36 Regarding the origin of TB language, genetic evidences suggest that proto-TB languages arose 5000-6000 years ago in East Asia. The upper and middle Yellow River basin was considered as the ancestral homeland of TB people, from there they marched westward and then southward, leading to the inhabitation of the Himalayas and peopling of Bhutan, Nepal and northeastern India. 3 It has also been suggested that the Baric branch of TB family was the first inhabitants of the Himalayan region.
Age estimation of O3a3c-M134 indicates that though it has a more ancient age (25.36 ± 1.59 KYA (thousand years ago)) in East Asian populations, 36 in Himalayan populations it is found to have a relatively recent age of 8.1 ± 2.9 KYA, 16 which further supports Neolithic settlement of TB groups in the Himalaya. Based on these evidences, it can be suggested that the sub-Himalayan TBspeaking groups also might have received a recent East Asian genetic contribution. East Asian influence on the sub-Himalayan gene pools has also been supported by a recent mitochondrial DNA-based study in some of the sub-Himalayan TB tribes. 18 These findings although demonstrate East Asian connection of the sub-Himalayan TB-speakers, but to know the exact time period of TB settlement in subHimalayan regions further studies considering Y-STR markers are warranted. Based on the high frequency of D*-M174, earlier it was hypothesized that the Tibetan gene pool bears affinity with the Central Asians. This is contradicted by a recent study pointing southern origin of this haplogroup in East Asia. 11 In the TB-speaking Himalayan collections, although D*-M174 has been found to be negligibly low 12, 16 but to a startling surprise, high frequencies (8-65%) of YAP have been reported in some Northeast Indian tribes. 37 In the present study, we detected D*-M174 in two TB-speaking populations, Mech (5.3%) and Lachungpa (36.4%). The presence of this lineage in these populations though supports East Asian influence on the sub-Himalayan gene pools but considering its southern region in East Asia and its subsequent northward migration about 60 000 years ago, 11 raised question about the arrival time of this lineage in the sub-Himalayan regions. Moreover, D*-M174 is not as predominantly distributed as O3. It is plausible that the more recent and extensive invasion by O3-bearing groups might have wiped out D*-M174, as also pointed out by Shi et al. 11 The sporadic presence of D*-M174 in the subHimalayan populations suggests that they might have retained the traces of past events of population migrations and interactions.
In addition to O3 lineage, we also observed O2 with a frequency of 21.0% in TB-speaking Mech. Though it is completely absent in (Table 1) . PC map is based on Y-haplogroup frequencies. The absolute frequencies and information on populations have been presented in the Supplementary Table S3 . The frequencies were transformed as Richards et al. 35 suggested to standardize against the different effect of genetic drift on haplogroups of different frequencies.
The contribution of each haplogroup was calculated as the factor for PC1 and PC2 with regression method in SPSS13.0 software.
Diversity of paternal lineages in sub-Himalayan populations M Debnath et al majority of the TB-speakers living in the Tibetan plateau and Nepal Himalaya, few studies showed it to be in high frequency in some of the TB groups from Eastern Himalaya. 3, 13, 14, 16, 38 The infrequent occurrence of O2*-M95 in the TBs might be due to male gene flow from the AA-speaking populations found across the sub-Himalayan and Northeast Indian regions rather than speakers from Southeast Asia carrying this. It is noteworthy that the West Eurasian-or Indian-specific haplogroups such as H, J and R are also found in the TB-speaking individuals. The most prominent is J2a*-M410 sub-haplogroup with a frequency of 27.8% in Dhimal, albeit found to be absent or negligibly present in other TBs from India. 13 Incidentally, it was found to be 6.1% in one of the TB groups (Newar) from Nepal. 16 In a previous study, it has been demonstrated that with the exception of AA tribes having B11% of J2b, the J2 clade is nearly absent in other Indian tribals, and has about 1% frequency in East Asian populations. 13 In addition to this, an Indian-specific upper caste marker R1a1*-M17, which is known to be either absent or, if present, only with negligible frequency in Indian tribal groups, is found with a frequency of 8.3% in Dhimal population. Such pattern of haplogroup composition undoubtedly made the genetic history of Dhimal more complex. Although Dhimal bears predominant East Asian genetic signatures, they plot within South Asian cluster ( Figure 3 ). This scenario can be explained by the fact that the caste populations living in close proximity for several generations might have exerted substantial genetic influence on the Dhimal gene pool.
East Asian-specific paternal lineages in Indo-European caste populations of Terai. The IE-speaking caste populations, namely, Rajbanshi and Bengali together displayed 16 haplogroups, the highest number of paternal lineages observed when compared with other linguistic groups. Among them, the most abundant is R (33.3%), followed by O (30.5%), H (14.2%) and J (13.3%) haplogroups. Although most of the major haplogroups are found to be shared between Rajbanshi and Bengali, the frequencies of O (Po0.001) and R (Po0.05) differed significantly.
The incidence of R1a1*-M17 is much higher (40.7 vs 17.6%) in Bengali than Rajbanshi, where as O3a3c1*-M117 is comparatively more frequent in Rajbanshis (43.1 vs 7.4%) than Bengali. The elevated frequency of O3a3c1*-M117 in Rajbanshi raises question about its genetic ancestry and phylogenetic relationships with other populations, as O3 haplogroup in IE-speaking castes is seen to be totally absent in East India while negligibly present in other parts of India. 13, 14 Rajbanshis have wide-spread distribution across East India and are considered to be original inhabitants of this region. Majority of Rajbanshis live in the Terai and Duars regions. Although historical evidences indicate their tribal connection, 39 the same notion has not been substantiated by genetic studies. On the basis of O3 haplogroup sharing between Rajbanshis (43.1%) and TB groups (average frequency 56.5%) of sub-Himalayan regions and Nepal Himalaya (average frequency 47.7%), 16 it might be concluded that the current paternal gene pool of Rajbanshi has received a significant TB influence. This observation partially supports the tribal especially TB connection of the Rajbanshi population. The presence of SouthAsian-specific paternal lineages in Rajbanshis might have been the result of extensive male gene flow from IE-to TB-speaking groups. The IE languages have been introduced to the present day India relatively recently (B3.6 KYA), 40 whereas the age of O3 haplogroup in the adjoining TB-speaking Himalayan collections is 8.1 ± 2.9 KYA. 16 Based on these facts, it can be suggested that the settlement of TBspeaking groups in the sub-Himalayan regions might have occurred much before the arrival of the IEs.
Y-chromosome haplogroup diversities in AA-and DR-speaking tribes of the Terai and Duars. The three AA-speaking Mundari groups exhibit altogether 11 haplogroups, of which O2a*-M95 is the most predominant (frequency range 37.0-70.6%). We have also detected T del mutation while genotyping O2*-P31 at nucleotide position 133 in the 6T stretch, which lies immediately after P31 T to C transition at nucleotide position 127 in all the O2-derived samples. This T del change has also been observed recently by Fornarino et al. 26 in Tharus of Nepal and one tribal group from Andhra Pradesh, India. They further showed that these samples were positive for PK4, which was identified in the Pakistani Pathans. 41 When we typed M88 and PK4, the downstream SNP markers of M95, none of the samples are found to possess these markers.
Haplogroup O2a*-M95 is known to dominate the haplogroup composition of the AA populations in India and Southeast Asia. 13, 19, 38 Although AA-speaking populations are considered as the oldest groups in India, there are many competing theories on their origin and subsequent settlement. The AAs have three sub-families such as Mundari, Mon-Khmer and Khasi-Khmuic in India and they display region-specific distribution. A recent study has proposed that O2a*-M95 had originated B65 000 yrs bp in Mundari-speaking Indian AA tribes. 38 Unlike Eastern Himalaya where majority of the AA-speaking tribes are Khasi-Khmuic, the sub-Himalayan Terai and Duars regions are mainly inhabited by the Mundari speakers. Considering the age of O2a*-M95 in other Mundari groups, it might be possible that the AA-speaking Mundari tribes were the first to reach the sub-Himalayan regions. The presence of this haplogroup in some of the TB-speaking groups reflect gene flow from AA-to TB-speaking groups who might have inhabited these regions much later than the AA speakers.
The second most abundant (36.7%) haplogroup in the Mundari tribes is H, which has been reported to be comparatively less frequent (25.3%) in Mundari-speaking AA groups. 38 In addition to this, R2-M124 is also observed to be higher (15.7%) in Santhal population compared with its average frequency (4.9%) in Indian Mundari groups. 38 It is worth noting that, Sahoo et al. 14 found it to be entirely absent in the Santhals from East India.
In the DR-speaking Oraon tribe, H has been the most abundant haplogroup with a frequency of 71.0%, followed by R2*-M124 (22.6%). Although DR tribes were shown in a number of studies to have high incidence of H (average 40%), the frequency range of R2*-M124 varied from 8 to10%. 13, 33 Similarly, the low frequency of R2 (o6%) has also been noticed in other linguistic such as TB and AA groups from Eastern Himalayan regions. 13, 38 Surprisingly, R2 was found to be elevated (25.8%) in neighboring TB-speaking Newar population from Nepal. 16 Although, R2 has been suggested to have originated in Indian subcontinent, 13 the exact place of its origin is yet to be deciphered.
In addition to these haplogroups, no other Indian-specific clade could be detected in Oraon. It is noteworthy that although O2*-M95 has a high frequency (26.6%) in DR tribes, 13 it is found to be completely absent in Oraon from the Terai region. DR-speaking tribes are mostly concentrated in the Southern India, whereas they are sparsely distributed in Eastern India. The quite unusual pattern of haplogroup diversity and complete absence of O2* in the Oraon tribe could be the result of geographic isolation or a case founder effect.
The genetic ancestry of AA-and DR-speaking tribes is well established and distinct. Our findings on the Y-lineages are suggestive of the fact that there have been extensive population interactions and substantial gene flow among these groups in the sub-Himalayan regions.
CONCLUSION
In conclusion, the paternal lineages that have been observed in the ethnic groups from the sub-Himalayan Terai and Duars reveal a number of interesting facts (i) the sub-Himalayan gene pool is extremely heterogeneous, TB groups though received significant SEAS contribution, the genetic influence from Northeast and South Asian has also been substantial; (ii) one of the IE-Speaking castes, Rajbanshi might share a common ancestry with the TBs and, finally, (iii) the sub-Himalayan regions have experienced multiple events of population migrations and interactions and some of the studied groups bear more close genetic ties with the Himalayan collections. Further studies considering Y-STR markers are required to be carried out to gain better insights about the time of settlement of various groups into the sub-Himalayan regions.
